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U
ltra-thick plates are widely used in heavy equipment 
and military facilities, such as an offshore oil 
platform or armor plate of an aircraft carrier 
[1-3]. These 
plates must have very high qualities free of shrinkage, 
porosity, segregation, cracks, etc. Generally, mould 
casting, directional solidification
 [4] and electro-slag 
remelting
 [5-7] processes are used to produce large ingots 
over 50 – 100 t. However, in actual production, the rolled 
steel plate hardly meets the specified standard due to the 
serious shrinkage and porosity defects of the ingot.    
Shrinkage porosity is often found in jumbo slab ingots 
made using traditional air cooling mould casting. It is 
Abstract: Shrinkage porosity defect is often found in an air cooled jumbo steel ingot, which will influence 
the quality of the final rolled plates. In practical production, some rolled plates are frequently rejected due 
to the serious shrinkage porosity of the ingot. To improve the quality of the ingot, a new cooling method, 
gradient cooling process (in which the upper part of the ingot is air cooled and the lower part is spray cooled) 
was put forward in this study. The solidification behaviors for a 60 t jumbo slab ingot under gradient cooling 
condition were simulated using the ProCast software, and the results were compared with those of an ingot 
by air cooling condition. The solidifying tendency, temperature field and distribution of shrinkage porosities 
in the ingot under different cooling conditions were analyzed. Simulation results show that under gradient 
cooling condition the solidification of the slab ingot progresses in an upward manner along the vertical z 
axis and in a centripetal manner along the horizontal x and y axes. Gradient cooling can efficiently reduce 
shrinkage porosity of the jumbo slab ingot by optimizing the solidification sequence, and making the position 
of shrinkage porosity move from near the middle height of the ingot (under air cooling condition) towards the 
head of the ingot; and the secondary shrinkage is eliminated. In addition, the solidification time of the ingot 
under gradient cooling is 7.3 h in this simulation, which is 2.7 h faster than that under air cooling. A 60 t jumbo 
slab ingot was successfully produced under gradient cooling condition. The ingot was rolled to a plate with a 
thickness of 100 mm and length of 18,000 mm, and ultrasonic flaw detection was performed. Some porosity 
was found along the axis of the plate at 4,900 - 6,000 mm from the head of the plate, indicating that the 
position of the defect is moved towards the head of the ingot. This distribution trend of the defect is consistent 
with the simulated result. 
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difficult to enhance the quality of a jumbo air-cooled 
slab ingot by simply improving the geometrical design. 
Directional solidification and electro-slag remelting can 
be used to produce large ingots, but the production cost 
is high. In addition, the traditional air cooling mould 
casting process has deficiencies of slow solidification, 
a long de-moulding time and a long mould turnover 
period; so the ingot production capacity is limited by 
casting venue
 [8]. This paper puts forward a new cooling 
method
 [9], gradient cooling process (in which the upper 
part of the ingot is air cooled and the lower part is spray 
cooled), which can efficiently reduce shrinkage porosity 
of the jumbo slab ingot by optimizing the solidification 
sequence, and increase the solidification rate of the 
ingot. 
In this study, the solidification behaviors of a jumbo 
mould casting ingot under the condition of gradient 
cooling have been numerically simulated with a finite 
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Fig. 2: Physical parameters of ingot: specific heat (a) and thermal conductivity (b)
(a) (b)
element method and the results were compared with those of 
an ingot by air cooling only.
1  Numerical simulation method
ProCast software was used for simulation in this study. The 
solidification time of the jumbo ingot is much longer than tis filling 
time, so the initial temperature of the ingot was set as the pouring 
temperature Tp, which was 1,580 ºC for the steel used in this 
study. The initial temperatures of the cast iron mould and the heat 
insulation plate were taken as the ambient temperature of 25 ºC.
Boundary conditions were set according to Q = heff (Thot 
– Tcold), where Q is heat flux; heff is equivalent interface 
heat transfer coefficient; Thot  is the hot surface temperature; 
and Tcold is the cold surface temperature. The heat transfer 
coefficient between mould and ingot was 1,800 W·K
-1·m
-2. 
The heat transfer coefficient between heat insulation plate and 
ingot was 20 W·K
-1·m
-2. The upper half of the mould wall was 
air cooled at a heat transfer coefficient of 10 W·K
-1·m
-2. The 
lower half was spray cooled at a heat transfer coefficient of 
1,000 W·K
-1·m
-2 [10].
Table 1: Compositions of experimental steel ingot
Table 2: Physical parameters of ingot, mould and heat insulation plate for numerical simulation
       
Material
              Specific heat           Thermal conductivity               Density (kg·m
-3)   
                                                (kJ·kg
-1·K
-1)                     (W·K
-1·m
-1 )
                            Solid         Solid-liquid          Liquid
                              
     
Ingot (steel)                 Fig. 2(a)                      Fig. 2(b)                  7,400     7,200          7,000
  Mould (cast iron)                 Fig. 3(a)                      Fig. 3(b)                       7,300
Heat insulation plate                   1.05                         0.75                           600
1 - Heat insulation plate, 2 - Ingot, 
3 - Cast iron mould, 4 - Inlet
Fig. 1: Finite element model of experimental ingot (a) and cooling location (b)
   C  Si  Mn    P     S 
0.06  0.3  1.6  0.01  0.003
  Mo  Ni  Ti   Cu    Fe
0.025  0.4          0.017  0.15    Bal.
2  Experimental parameters
A 60 t rectangular steel ingot was employed in this study and 
its dimensions were length 2,700 mm, width 1,000 mm and 
height 3,600 mm. The composition of the ingot is listed in Table 
1; and the finite element model of the experimental ingot is 
shown in Fig. 1(a). The cooling condition was gradient cooling. 
The upper half of the mould wall was air cooled, and the 
lower half was water spray cooled, as shown in Fig. 1(b). The 
liquidus temperature of the steel is 1,524.8 ºC, and the solidus 
temperature is 1,494.8 ºC. The latent heat of the steel is 2.7×10
2 
kJ·kg
-1. The physical parameters of the ingot, mould and heat 
insulation plate for numerical simulation are listed in Table 2. 
For comparison, the numerical simulation for the ingot solidified 
under the condition of air cooling was also performed.
3
1
2
4
(a) (b) 89
Vol.10 No.2 March 2013
Research & Development CHINA FOUNDRY
Fig. 3: Physical parameters of mould: specific heat (a) and thermal conductivity (b)
Fig. 4: Solidification process of slab ingot under condition of gradient cooling
(a) 15 min                     (b) 130 min                    (c) 215 min                     (d) 297 min                   (e) 382 min
 
 
transverse and longitudinal directions due to the air cooling 
outside.  The solidification with time is shown in Figs. 4(a) to 
(e). The solidification of the slab ingot progressed gradually 
upwards from the bottom along the longitudinal z axis at the 
low temperature zone, and radically from the wall towards the 
center along the transverse y axis. The solidification rate of 
the lower portion was fast. Generally, the solidification of the 
ingot began upwards from the bottom at a certain gradient, 
and finished at the casting head. This solidification method is 
able to ensure an open interior feeding channel and effectively 
reduces shrinkage porosities, therefore significantly improves 
the ingot quality.
3  Results and analysis
3.1  Solidification process of the slab ingot 
under gradient cooling
The solidification process under the condition of gradient 
cooling on the narrow plane of the middle of the jumbo slab 
ingot is shown in Fig. 4. As shown in Fig. 4(a), the lower 
portion of the ingot shows a big temperature gradient along 
the transverse direction of the y axis due to the water spray 
cooling outside of the wall. For example, the temperature at 
position A decreased quickly to 1,159 ºC. The upper portion 
of the ingot has a small temperature gradient along the 
(a) (b)
  A
3.2  Solidification time of ingot under different 
cooling conditions
The solidifying time is very important to ingot production 
because it determines the de-moulding time, production cycle, 
and economic profits. The solidifying time of the investigated 
ingot is 10 h under the condition of air cooling and 7.3 h 
under gradient cooling, which gives a 27% improvement of 
production efficiency under gradient cooling.
3.3  Shrinkage porosity distribution under 
different cooling conditions
Temperature distributions after 6 h air cooling and gradient 
cooling are shown in Fig. 5. Spot B at the middle and upper 
portion of z axis, as shown in Fig. 5(a), has a temperature of 
1,524 ºC and has not solidified under air cooling. While the 
upper portion solidified earlier than did the lower portion and 
this leads to secondary shrinkage at the core of the slab ingot. 
While the solidification progress of the ingot under gradient 
cooling, as shown in Fig. 5(b), ensures an open feeding 
channel which significantly inhibits secondary shrinkage. 
The distribution of the shrinkage porosities after 
solidification under different cooling conditions is shown 
in Fig. 6. The shrinkage position under the condition of air 
cooling is 1,900 mm from the bottom of the ingot near the 90
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Fig. 5: Temperature distributions of ingot after 6 h 
air cooling (a) and gradient cooling (b)
temperature was 1,580 ºC. Figure 7 shows the picture of the 60 
t jumbo slab ingot prepared under gradient cooling condition. It 
was rolled along the axial direction to a plate with a thickness 
of 100 mm and length of 18,000 mm. The quality of the ingot 
can be validated by detection results of the plate indirectly. 
The TUD280 ultrasonic flaw detection results show that there 
are shrinkage porosities along the axis of the steel plate and at 
4,900 – 6,000 mm from the head of the steel plate, as shown in 
Fig. 8. The position of the defect is moved towards the head of 
the ingot from near the middle of the ingot under air cooling 
condition. The size and quantity of the defects are acceptable 
according to the nondestructive detection standard GB2970-
2004 III. This indicates that the gradient cooling process 
can improve the internal soundness of jumbo slab ingots by 
changing the distribution trend of shrinkage porosity. 
       
Fig. 6: Distribution of shrinkage porosities under the 
conditon of air cooling (a) and gradient cooling (b)
Fig. 8: Distribution of defects in plate rolled using 
ingot under gradient cooling
4900 mm 1100 mm 12000 mm
middle height along the central axis as shown in Fig. 6(a). 
Figure 6(b) shows that the shrinkage position is moved 
towards the head of the ingot, and even raised to inside 
the riser under gradient cooling in this study. Therefore, 
the secondary shrinkage is inhibited and the ingot quality 
is significantly improved. The simulation results show the 
possibility of elimination of shrinkage porosities under 
gradient cooling. The distribution of shrinkage porosities 
after solidification in production practice may not be the 
same as the simulation results, but the distribution trend of 
shrinkage porosities is valuable and could provide theoretical 
guidance for industrial production.
4  Production practice for a 60 t 
jumbo slab ingot
In this study a 60 t jumbo slab ingot was produced by gradient 
cooling using the same parameters as indicated in Section 2. The 
melting and pouring process was 60 t EF (Electric Furnace) → 
LF (Ladle Furnace) → VD (Vacuum Deoxidation). The pouring 
Fig. 7: Picture of the 60 t slab ingot by gradient 
cooling
    B
(a) (b)
    B
(a) (b)
5  Conclusions
(1) Under gradient cooling condition the solidification 
of the slab ingot progresses in an upward manner along 
the vertical z axis and in a centripetal manner along the 
horizontal x and y axes. Gradient cooling can efficiently reduce 
shrinkage porosity of the jumbo slab ingot by optimizing the 
solidification sequence, and making the position of shrinkage 
porosity move towards the head of the ingot or even inside the 
riser and the secondary shrinkage is eliminated.
(2) The significantly accelerated cooling rate under the 
gradient cooling process improves the production efficiency. 
The solidifying time under gradient cooling condition is 2.7 h 
less than that under air cooling conditon for a 60 t steel ingot 
in this study. 91
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(3) A 60 t ingot was prepared under gradient cooling, and the 
ultrasonic flaw detection shows that after the ingot is rolled to a 
plate, some porosity can be found along the axis of the plate, but 
the position of the defect is moved towards to the head of the 
ingot. This distribution trend of the defect is consistent with 
the simulated result.
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